Uridine insertion/deletion RNA editing in kinetoplastid mitochondria corrects encoded frameshifts in mRNAs. The genetic information for editing resides in small guide RNAs (gRNAs), which form anchor duplexes just downstream of an editing site and mediate editing within a single editing "block." Many mRNAs require multiple gRNAs; the observed overall 3′ to 5′ polarity of editing is determined by the formation of upstream mRNA anchors by downstream editing. Hel61, a mitochondrial DEAD-box protein, was previously shown to be involved in RNA editing, but the functional role was not clear. Here we report that down-regulation of Hel61 [renamed REH1 (RNA editing helicase 1)] expression in Trypanosoma brucei selectively affects editing mediated by two or more overlapping gRNAs but has no effect on editing within a single block. Down-regulation produces an increased abundance of the gRNA/edited mRNA duplex for the first editing block of the A6 mRNA. Recombinant REH1 has an ATP-dependent double strand RNA unwinding activity in vitro with a model gRNA-mRNA duplex. These data indicate that REH1 is involved in gRNA displacement either directly by unwinding the gRNA/edited mRNA duplex or indirectly, to allow the 5′ adjacent upstream gRNA to form an anchor duplex with the edited mRNA to initiate another block of editing. Purified tagged REH1 is associated with the RNA editing core complex by RNA linkers and a colocalization of REH1, REL1, and two kinetoplast ribosomal proteins with the kinetoplast DNA was observed by immunofluorescence, suggesting that editing, transcription, and translation may be functionally linked.
Uridine insertion/deletion RNA editing in kinetoplastid mitochondria corrects encoded frameshifts in mRNAs. The genetic information for editing resides in small guide RNAs (gRNAs), which form anchor duplexes just downstream of an editing site and mediate editing within a single editing "block." Many mRNAs require multiple gRNAs; the observed overall 3′ to 5′ polarity of editing is determined by the formation of upstream mRNA anchors by downstream editing. Hel61, a mitochondrial DEAD-box protein, was previously shown to be involved in RNA editing, but the functional role was not clear. Here we report that down-regulation of Hel61 [renamed REH1 (RNA editing helicase 1)] expression in Trypanosoma brucei selectively affects editing mediated by two or more overlapping gRNAs but has no effect on editing within a single block. Down-regulation produces an increased abundance of the gRNA/edited mRNA duplex for the first editing block of the A6 mRNA. Recombinant REH1 has an ATP-dependent double strand RNA unwinding activity in vitro with a model gRNA-mRNA duplex. These data indicate that REH1 is involved in gRNA displacement either directly by unwinding the gRNA/edited mRNA duplex or indirectly, to allow the 5′ adjacent upstream gRNA to form an anchor duplex with the edited mRNA to initiate another block of editing. Purified tagged REH1 is associated with the RNA editing core complex by RNA linkers and a colocalization of REH1, REL1, and two kinetoplast ribosomal proteins with the kinetoplast DNA was observed by immunofluorescence, suggesting that editing, transcription, and translation may be functionally linked.
Leishmania | RNAi | tandem affinity purification | streptavidin binding and protein A purification U ridine insertion/deletion RNA editing (1, 2) in the mitochondria of kinetoplastid protists is an essential process that results in the correction of encoded frameshifts thereby rendering the mRNAs translatable. The reaction involves the interaction of "preedited" mRNAs transcribed from maxicircle kinetoplast DNA with small gRNAs that act as templates for the precise insertion and deletion of uridylyl residues at multiple sites (3) . The editing reaction is mediated by a holoenzyme or "editosome" (4) . The core component of the editosome is the RECC (RNA editing core complex) (5) that contains approximately [15] [16] [17] [18] [19] [20] polypeptides (2, (6) (7) (8) (9) . Eight RECC proteins have been so far functionally characterized. The remaining proteins contain a variety of motifs including zinc fingers, single-strand binding (SSB), and OB folds, and the roles of these proteins in the editing reaction are not known, although several are required for structural stability of the RECC. Low-resolution cryoEM 3D structures for RECC particles from Trypanosoma brucei and Leishmania tarentolae have been published (7, 10) , but these do not have sufficient resolution to shed light on the precise mechanisms involved in the editing reactions.
Several multiprotein complexes have been described that interact with the RECC via RNA in substoichiometric amounts. These include the MRP1/2 complex (11, 12) and the guide RNA binding complex (GRBC)/mitochondrial RNA binding (MRB1) complex (13) (14) (15) (16) . Heterogeneous-sized high molecular weight complexes (L* or RECC*) consisting of the RECC together with several RNA-linked complexes have been visualized by electrophoresis in blue native gels (4) . These break down with RNase treatment, giving rise to the 1-MDa RECC, and we have suggested that they may represent the holoenzyme (4).
The initial editing event occurs when a gRNA forms an RNA duplex with a complementary mRNA sequence just downstream of the editing site (3). A single gRNA encodes the information for several adjacent editing sites; this constitutes an "editing block." RNA editing has a 3′ to 5′ polarity within a single block (3) due to the fact that the gRNA first forms a duplex anchor just downstream of an editing site. Insertion and deletion of u residues occurs at the first gRNA/mRNA mismatch. This extends the mRNA-gRNA duplex in a 5′ direction and editing is then reinitiated at the next upstream editing site. However, "misedited" sequences occur that are due in some cases to the hybridization of the incorrect gRNA and in other cases apparently to stochastic errors in the editing mechanism. Alternative editing has been identified in several mRNAs that contain multiple gRNA-mediated editing domains (17) . This mechanism would greatly increase the repertoire of proteins, but confirmation of this phenomenon and its generality remain to be examined.
The editing of most mRNAs is mediated by multiple overlapping gRNAs. Editing utilizing the adjacent upstream gRNA cannot proceed until the first block is completely edited because the gRNA can only form an anchor duplex with edited sequence to initiate the second editing block. This is responsible for the observed overall 3′ to 5′ polarity (18) , but the mechanism of displacement of adjacent gRNAs is unknown. An RNA helicase has been suggested to be involved in this process by displacing the initial gRNA, thereby allowing the adjacent upstream gRNA to form an anchor duplex with the edited sequence (19) . Two trypanosome mitochondrial DExD/H-box proteins have been identified (14, 16, 20, 21) and shown to be involved in RNA editing. RNA editing helicase 2 or REH2 is a component of GRBC or MRB1 complexes and is involved in gRNA biogenesis (13, 14, 16) . Hel61, another DEAD-box protein, was shown to be involved in RNA editing by a gene disruption experiment in T. brucei, which produced a slow growth phenotype and affected editing efficiency, and ectopic reexpression of Hel61 rescued a partially restored editing phenotype (21) . However, gene disruption had no effect on either an experimentally observed mito- chondrial RNA unwinding activity (20) or on full cycle in vitro editing reactions (21) . Furthermore, the observed RNA unwinding activity did not cosediment with Hel61 (21) . The functional role of Hel61 and the mechanism of gRNA displacement were not clear.
In this paper we present evidence that Hel61 is involved in the displacement of gRNAs to allow the 5′ adjacent gRNA to form an anchor duplex with the edited sequence. We also show that recombinant REH1 has ATP-dependent duplex RNA unwinding activity. We have therefore relabeled Hel61 with the functional name, REH1 (RNA editing helicase 1).
Results
Effect of Down-Regulation of REH1 Expression in T. brucei on Relative Abundance of mRNAs Edited in Block 1 Versus Those Edited in Two or More Blocks. Down-regulation of expression of REH1 by conditional RNAi in T. brucei procyclic cells produced a slow growth phenotype (Fig. 1A ). An 80% decrease in the abundance of REH1 mRNA by day 3 was demonstrated by RT-PCR and real-time RT-PCR ( Fig. 1 B and D) and REH1 protein was not detectable by Western blot analysis (Fig. 1B) . Repression of REH1 expression showed no effect on the stability or length of the gRNA 3′ oligo U tails (Fig. 1C) , as was reported for the trypanosome REH2 mitochondrial RNA helicase (14, 16) Real-time RT-PCR was also used to quantitate the effect of REH1 down-regulation on the relative abundance of several preedited and mature edited mRNAs ( Fig. 1D and Table S1 ). The abundances of edited CR3 and A6 mRNAs were significantly reduced with down-regulation of REH1, but the effects on edited mRNAs for Cyb, ND7, CO3, and ND9 were small and probably not significant because a similar decrease was observed for the CO2 edited mRNA, which is mediated by a single in cis gRNA and does not require an overlapping gRNA. Interestingly, the abundances of preedited mRNAs for CO2 and ND9 were increased 30-40%, raising the possibility that REH1 has an effect on RNA turnover of some mRNAs. Two never-edited RNAs, ND4 and COI, were examined as controls: Neither showed a significant change in abundance. The changes in the abundances of the A6, CR3, Cyb, ND7, and CO3 preedited mRNAs were not statistically significant.
One possible mechanism for the inhibition of editing by REH1 down-regulation is that REH1 is involved with displacement of the gRNA from the edited mRNA/gRNA duplex. To test this hypothesis, we quantitatively compared the effect of down-regulation of REH1 expression on the relative abundance of mRNAs edited in block 1 versus those edited in block 1 and the adjacent upstream blocks. The experimental protocol is diagrammed in Fig. 2A (also see Table S1 ). The only T. brucei genes for which putative gRNAs are known for the 3′-most editing blocks are A6 and Cyb (Figs. S1 and S2) (22, 23) . Real-time RT-PCR was used to measure the relative abundances of T. brucei partially edited A6 and Cyb mRNAs after 3 d of REH1 RNAi compared to these mRNAs in cells without induction of RNAi. Downregulation caused an increase of around 20% in the A6 mRNAs completely edited in block 1 (and also the preedited A6 mRNAs). On the other hand, there was a decrease of around 20% in A6 mRNAs edited in both blocks 1 and 2 and a decrease of around 40% in A6 mRNAs edited in blocks 1, 2, and 3 ( Fig. 2B) . It was noted that the primers for edited A6 mRNA in Fig. 1D are located near the 5′ end of A6 gene. Repression of REH1 expression caused an increase of around 20-30% in both the preedited Cyb mRNA and Cyb mRNA completely edited in block 1 and caused a decrease of around 20% in the mature Cyb mRNA edited in both blocks 1 and 2 (there are only two editing blocks in Cyb) (Fig. 2C) . Thus, down-regulation of REH1 expression in T. brucei selectively affects editing that is mediated by two or more overlapping gRNAs but does not affect editing occurring within a single gRNA-mediated editing block. This result is consistent with a role in gRNA displacement.
Effect of Down-Regulation of REH1 Expression on Relative Abundance of Block 1 Edited mRNA/gRNA Duplex. Another prediction is that REH1 down-regulation would produce an increased abundance of a block 1-fully edited mRNA/gRNA duplex by inhibiting the progression of editing from block 1 to block 2. The relative abundance of this duplex was assayed by an RNase protection experiment in which poisoned primer extension using a primer complementary to fully edited block 1 mRNA was used to measure the abundance of the RNase-protected duplex RNA. The experimental protocol is diagrammed in Fig. 3A . As shown in Fig. 3B , lanes 2 and 4, there is a significant increase in the relative abundance of the RNase-protected block 1 duplex after down-regulation of REH1 expression. Although the primer covers two U-deletion and two U-insertion sites, there is no significant decrease in the no RNase control band in lanes 1 and 3, indicating that down-regulation of REH1 has no effect on intrablock editing. We conclude that REH1 is required for releasing gRNA from A6 mRNA that is completely edited in block 1. ( Fig. 4A and Fig. S3 ), but there is no evidence in the literature for REH1 having RNA helicase activity. To address this question, we expressed tagged Leishmania major (Lm) REH1 (Fig. 4B ) in Sf9 cells and analyzed the activity. A modified tandem affinity purification (TAP) tag (24), the streptavidin binding and protein A purification (SAP) tag (Fig. 4B) , was used in which the calmodulin binding peptide motif was substituted with a high affinity streptavidin binding peptide (SBP) motif. The rREH1 was purified to homogeneity by IgG-Sepharose binding, MonoS ionexchange chromatography, and streptavidin affinity chromatography (Fig. 4C, lane 1) . The expressed band was confirmed to be SBP-tagged REH1 by Western analysis using anti-REH1 or HRP-conjugated streptavidin (SA-HRP) (Fig. 4C, lanes 2, 3) . His6x-tagged REH1 was also expressed in Escherichia coli and purified to homogeneity for antibody generation. The purified SBP-tagged recombinant REH1 protein showed a robust poly U-stimulated ATPase activity. This activity was destroyed by RNase treatment (Fig. 4D) . As a control for ATPase contamination from the Sf9 cells, SAP-tagged RET2 RECC protein was expressed and purified using the same procedure. The tagged RET2 did not show ATPase activity (Fig. 4D) . The REH1 ATPase activity requires ATP or dATP (Fig. S4 D and E) . The optimal pH is around 8.3, the K m for the reaction is 620 μM ATP, and the K cat is 82.3 min −1 (Fig. S4 A-C) . Recombinant REH1 showed an ATP-dependent double strand RNA unwinding activity using a partially edited model gRNA/ edited mRNA duplex (Fig. 4E and Table S2 ). The reaction required ATP and showed a protein dose response (Fig. 4 E and F) . We also tested the unwinding of shorter RNA duplexes with 5′ or 3′ overhangs or no overhang (Fig. 4 F-H) . The latter were unwound more efficiently probably due to their lower stability. It has been shown that helicase activity in vitro shows an inverse relationship between duplex stability and unwinding (25) . As a control, a mutation of K143A in motif I, which is the conserved ATP binding domain of REH1, was introduced and the mutant protein lost ATPase and unwinding activities (Fig. S5) . These data indicate that REH1 is an ATP-dependent RNA helicase. The REH1 helicase apparently differs from most other DEADbox RNA helicases that exhibit very poor in vitro unwinding activity and require a 5′ or 3′ single-stranded RNA region for unwinding activity (25) . Immunolocalization of SAP-tagged REH1 within the single mitochondrion of transfected L. tarentolae cells was performed using an antibody against the C-terminal FLAG epitope (Fig. 5A ). This antibody does not have cross-reactivity with any endogenous protein (Fig. S6D) . The cells were stained with MitoTracker Red to visualize the single mitochondrion and costained with DAPI to detect the nuclear and kinetoplast DNA, and then treated with anti-FLAG antibody and secondary anti-IgG antibody conjugated with Alexa Fluor 488 to visualize SAP-tagged REH1. The REH1 protein colocalized with the MitoTracker mitochondrial image. Interestingly, in addition to a dispersed localization throughout the tubular mitochondrion there is an apparent concentration of REH1 protein in the kinetoplast DNA-containing region. Lower resolution images of entire fields that show that the selected fields in Fig. 5A are representative are shown in Fig. S6A . As a control, cells were analyzed for the localization of glutamate dehydrogenase, a soluble mitochondrial protein not involved in RNA editing (Fig. S6C) . These cells showed a somewhat punctate distribution of immunofluorescence throughout the mitochondrion without the level of concentration in the kinetoplast region observed in the REH1 immunofluorescence, indicating that the observed kinetoplast concentration of REH1 is probably not artifactual (Fig. S6) .
The localizations of TAP-tagged REL1 RNA ligase, a RECC core component, and two TAP-tagged kinetoplast ribosome proteins (Fig. S6E) , S17 and L3, were also analyzed by indirect immunofluorescence. REL1 and the two ribosome proteins showed a similar kinetoplast concentration as the SAP-tagged REH1 (Fig. 5 B-D and Fig. S6B ). Fig. 1D instead of the primer used in this assay, which is close to the 3′ end.
and mitochondrial fractions and not in the cytosol fraction (Fig. S7A) . Cell lysate was allowed to bind to IgG-Sepharose, and the bound material was released by digestion with tobacco etch virus (TEV) protease. Half of the eluted material was treated with RNase A prior to fractionation on a glycerol gradient. Gradient fractions were subjected to blue native gel electrophoresis and the blots probed with anti-REH1 antibody (Fig. 6A , Upper). Autoadenylation of REL1/2 with ½α-32 PATP (26) was also used to detect REL1 as a marker for the RECC (Fig. 6A, Lower) . The gradient fractions were run in SDS gels that were probed with anti-REH1 antibody and with anti-MRP1/2 antibody (Fig. 6B ). MRP1/2 are proteins that are known to associate with the RECC via RNA linkers (11) .
The tagged REH1 sedimented as free oligomeric protein in the 5-10S region. A portion of the REH1 sedimented in the 20-25S region migrating in the blue native gel at ∼1 MDa (Fig. 6 A and B, Left) and a substantial amount sedimented in the >25S region, migrating in the blue native gel at >1 MDa (Fig. 6A, Left) . The high molecular weight material was sensitive to RNase as were the REH1-containing RECC materials in fractions 10-13 (Fig. 6A, Right) . This can also be seen in SDS gels of the same gradient fractions (Fig. 6B) . The RNase-sensitive high molecular weight material is reminiscent of the previously reported RECC* particles that bound substoichiometric amounts of several other editing complexes (4). This evidence suggests that a portion of the tagged REH1 protein is associated with the RECC* particles via RNA linkers.
Additional evidence for an association of REH1 with the RECC was obtained by TAP purification, performed with or without RNase pretreatment (Fig. 6C) . The REL1/REL2 internal RECC proteins and the MRP1/2 proteins were detected by Western analysis in the pull-down prior to RNase treatment but not after such treatment (Fig. 6C, Right) . The coprecipitated REL1 and REH1 proteins were in substoichiometric amounts because they could not be visualized in the SDS gel by Sypro staining (Fig. 6C, Left) . The three visible Sypro-stained bands in the REH1 TAP pull-down were identified by mass spectrometry as the SPB-tagged REH1 (II), a 10-kDa REH1 C-terminal breakdown product (III), and a 70-kD band (I) containing two contaminating proteins: TEV protease and a cytosolic DEADbox protein (Fig. 6C and Table S3 ). The presence of this cytosolic helicase in the REH1-TAP pull-down should be investigated further. 
Discussion
REH1 is essential as shown by the growth phenotype caused by down-regulation of REH1 expression. The partial growth inhibition could be due to incomplete down-regulation, a slow turnover of the protein or an enzyme redundancy. Down-regulation also causes a decrease in abundance of edited mRNAs for the six genes assayed, with editing of the A6 and CR3 mRNAs being the most affected. Possible roles of the REH1 helicase in RNA editing are (i) to directly assist in the processive editing reaction itself within a single gRNA-mediated block as editing proceeds from site to site or (ii) to be involved in gRNA displacement between adjacent editing blocks. Model 1 is ruled out by the observed lack of effect of REH1 down-regulation on intrablock editing. Model 2 is supported by the significant decrease in the relative abundance of mRNAs edited in two or more adjacent blocks by REH1 down-regulation as compared to those edited in a single block, and by the accumulation of the gRNA/block 1 edited A6 mRNA duplex. These data suggest that REH1 is involved with the progression of editing from one gRNA-mediated editing block to the next adjacent upstream block. The mechanism of this involvement, however, is not clear. The fact that recombinant REH1 protein has gRNA/mRNA duplex unwinding activity in vitro may suggest an in vivo role in directly unwinding the mRNA/gRNA duplex formed by the editing of all the sites mediated by a single gRNA and liberating an edited mRNA single strand available for hybridization of the adjacent gRNA. However, in the case of REH1, the evidence does not distinguish between a direct effect on unwinding of the gRNA/ mRNA duplex or an indirect effect, such as described for eIF4AIII, a core component of the exon junction complex, and some putative RNA helicases that are involved in snoRNA release from preribosomes (27) (28) (29) (30) (31) . Another potential function of REH1 could be to unwind cis elements within the preedited mRNA. A dominant-negative mutation of REH1 and ectopic reexpression of wild-type REH1 might indeed help to explore the role of REH1 in vivo. In fact, the evidence that the largest effect of REH1 down-regulation on editing is on the pan-edited A6 and CR3 mRNAs suggests that the in vivo activity of REH1 is substrate-specific and perhaps is regulated by transient binding of cofactors. Along this line, no detectable in vitro unwinding activity had been observed with T. brucei gradient fractions that showed a peak of Hel61 (REH1) by blot analysis (21) nor in the Lm REH1 SAP pull-down (Fig. S7B) . These data suggest the possibility of regulation of helicase activity in vivo.
There have been conflicting reports on the association of REH1 with the RECC. Tb REH1 was detected by mass spectrometry analysis in an MP63-immunoprecipitated sample and also in a RECC preparation isolated by ion-exchange chromatography (32) (33) (34) . However, REH1 was not detected in REN1-, REN2-, or REN3-TAP pull-downs from T. brucei (32, 35) , nor in REL1-TAP and MP44-TAP pull-downs from L. tarentolae (7, 11) . These results could be explained by our finding that REH1 is associated with the RECC by RNA linkers, as are several other editingassociated complexes (6, 11) , and that this linkage is easily disrupted during the isolation.
Immunofluorescence of REH1 showed a concentration in the kinetoplast DNA (kDNA) region of the mitochondrion. Interestingly, the REL1 RNA ligase, a component of the RECC, and the S17 and L3 kinetoplast ribosome proteins also exhibited a concentration in the kDNA region of the mitochondrion, suggesting the intriguing possibility of a physical linkage of kDNA transcription, translation, and editing pathways, but this remains to be investigated. Our localization results differ somewhat from several previous studies that showed that editing proteins are distributed throughout the mitochondrion with no apparent concentration (36, 37) and that the RNA-linked editing proteins, GAP1 and GAP2, are localized in discrete particles throughout the mitochondrion (14) . These differences could be speciesdependent or could be due to technical details.
More work is required to fully understand the precise role of the REH1 helicase in RNA editing, but it is clear from the results in this paper that REH1 is involved in the 3′ to 5′ polarity of editing in a multi-gRNA-mediated editing domain.
Materials and Methods
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A C B Fig. 6 . RNA-dependent association of REH1 with the RECC. (A) Clarified lysate from L. tarentolae cells expressing SAP-tagged REH1 was bound to IgGSepharose and the SBP-tagged REH1 released with TEV protease. Half was treated with RNase A (0.1 mg∕mL). After glycerol gradient sedimentation, fractions were run in blue native gels, which were blotted and probed with anti-REH1. Aliquots of fractions were also autoadenylated with α½ 32 PATP to label the REL1 RECC protein prior to blue native gel analysis. These gels were dried and exposed to a phosphoimager screen. (B) Gradient fractions from A were run in SDS gels, which were blotted and probed with anti-REH1 or anti-MRP1/2. (C) The TEV-released material in A, with or without RNase treatment, was bound to streptavidin-Sepharose and the SBP-tagged REH1 released with 2 mM biotin. The SBP-tagged REH1 was run in SDS gels, which were autoadenylated and stained with Sypro (Invitrogen), or blotted and probed with anti-REH1 or anti-MRP1/2. Note that the labeled REL1/REL2 and the MRP1/2 proteins were detected only prior to RNase treatment. The three major stained bands were subjected to mass spectrometry (data shown in Table S3 ).
